South Dakota State University

Open PRAIRIE: Open Public Research Access Institutional
Repository and Information Exchange
Electronic Theses and Dissertations

2018

Soybean Iron Deficiency Chlorosis: Quantitative
Trait Locus Validation and Grain Yield Evaluation
Ahmed Charif
South Dakota State University

Follow this and additional works at: https://openprairie.sdstate.edu/etd
Part of the Agronomy and Crop Sciences Commons
Recommended Citation
Charif, Ahmed, "Soybean Iron Deficiency Chlorosis: Quantitative Trait Locus Validation and Grain Yield Evaluation" (2018).
Electronic Theses and Dissertations. 2969.
https://openprairie.sdstate.edu/etd/2969

This Thesis - Open Access is brought to you for free and open access by Open PRAIRIE: Open Public Research Access Institutional Repository and
Information Exchange. It has been accepted for inclusion in Electronic Theses and Dissertations by an authorized administrator of Open PRAIRIE:
Open Public Research Access Institutional Repository and Information Exchange. For more information, please contact michael.biondo@sdstate.edu.

SOYBEAN IRON DEFICIENCY CHLOROSIS: QUANTITATIVE TRAIT LOCUS
VALIDATION AND GRAIN YIELD EVALUATION

BY
AHMED CHARIF

A thesis submitted in partial fulfillment of the requirements for the
Master of Science
Major in Plant Science
South Dakota State University
2018

iii
This work is dedicated to my family, for their love and support. All praise and
glory belong to my Heavenly Mother, for always supporting and encouraging me to make
the best out of every situation and always pushing me to achieve more.

iv
ACKNOWLEDGMENTS
On the completion of my master’s at SDSU, I’m grateful to a lot of people for
their support and help during this time period. Foremost, I would like to express my
sincere gratitude to my advisor Professor Dr. Xingyou Gu for the continuous support of
my master’s study and research, for his patience, motivation, enthusiasm, and immense
knowledge. His guidance helped me in all the time of research and writing of this thesis.
Besides my advisor, I would like to thank Dr. Heng Ye, who was a postdoctoral research
associate in Dr Gu’s lab, for his help in laboratory and field experiments and stimulating
discussions. My sincere thanks also go Dr. Jiuhuan Feng, a senior scientist in the lab for
her help and valuable advises during my research work.
I thank my fellow lab mates: the graduate research assistants Alexander Kena,
Wirat Pipatpongpinyo and Luai Muhammad, and the visiting scientist Dr. Qunwen for
their help with field and laboratory experiments.
Last but not least, I would like to thank my family for all their support throughout
my life.

v
CONTENTS
ABBREVIATIONS ............................................................................................. viii
LIST OF FIGURES .................................................................................................x
LIST OF TABLES ............................................................................................... xiii
ABSTRACT......................................................................................................... xiv
Chapter 1. Introduction and Literature Review .................................................1
1.1

Introduction ...............................................................................................1

1.1.1 Soybean production in the world and USA .............................................1
1.1.2 Abiotic stress factors in the local soybean cropping system ..............4
1.2

Literature Review ......................................................................................6

1.2.1

Origin and biology of soybean ........................................................6

1.2.2

Physiological mechanisms of iron uptake in plant ........................9

1.2.3

Genetic mechanisms for the resistance of soybean to IDC ........10

1.2.4

Genetic improvement in soybean.....................................................12

Chapter 2. Validation of QTL Associated with Iron Deficiency Chlorosis in Soybean
................................................................................................................................15
2.1 Introduction ..................................................................................................15
2.2 Materials and methods .................................................................................18
2.2.1 Plant materials and mapping population ...............................................18
2.2.3 Phenotypic evaluation of IDC ...............................................................19
2.2 4 Estimation of component genetic variance and heritability ..................20

vi
2.2.4 Marker genotyping and linkage map construction ................................20
2.2.6 Data analysis and QTL mapping ...........................................................22
2.2.7 Epistasis analysis ...................................................................................23
2.2.9 QTL genotype-by-environment analysis ...............................................24
2.2.8 Marker-assisted backcross .....................................................................25
2.2 9 Prediction of candidate genes in the QTL Fe effic-1-containing region26
2.3 Results ..........................................................................................................26
2.3.1 Phenotypic variation and correlation .....................................................26
2.3.2 Component variances and heritability ...................................................30
2.3.3 QTLs associated with IDC ....................................................................30
2.3.4 QTL epistasis .........................................................................................34
2.3.5 QTL G-by-E interaction ........................................................................38
2.3.6 Candidate genes prioritizing and introgression of Fe effic-1 QTL in “Surge”
........................................................................................................................40
2.4 Discussion ....................................................................................................42
2.4.1 Heritability of IDC ................................................................................42
2.4.2 Iron efficiency QTL ...............................................................................43
2.4.3 Fe-efficiency QTL epistasis ..................................................................45
2.4.4 Fe-efficiency QTL G-by-E interactions ................................................46
2.4.5 Candidate gene and backcross ...............................................................47

vii
Chapter 3. Evaluation of Soybean Cultivars for Resistance to IDC under Field
Conditions .............................................................................................................49
3.1 Introduction ..................................................................................................49
3.2 Material and Methods...................................................................................50
3.2.1 Plant materials .......................................................................................50
3.2.2 Field experiments and phenotype evaluation ........................................50
3.2.3 Yield component analysis and seed yield ..............................................51
3.3 Results ..........................................................................................................51
3.3.1 Local soybean cultivars response to IDC ..............................................51
3.3.2 Yield components ..................................................................................56
3.3.3 Discussions ............................................................................................58
Chapter 4 Discussions and Conclusions.............................................................61
4.1 Conclusions ..................................................................................................61
4.2 Future Directions ..........................................................................................62
References .............................................................................................................63
Appendices ............................................................................................................74

viii
ABBREVIATIONS
AFLP

amplified fragment length polymorphism

ANOVA

analysis of variance

CIM

composite interval mapping

cM

centiMorgan

CTAB

Cetyl trimethylammonium bromide

ddH2O

double distilled water

DF

degree of freedom

DNA

deoxyribonucleic acid,

dNTP

Deoxynucleotide

F1

the first filial hybrid generation

F2

F2 hybrid

Fe2+

ferrous iron

Fe3+

ferric iron

G-by-E

genotype-by-environment interaction

IDC

iron deficiency chlorosis

IRT

iron-related transporter

ix
LOD

logarithm of odds

LR

likelihood ration

MAS

marker assisted selection

MG

Maturity group

MgCl

Magnesium chloride

MS

mean square

PCR

Polymerase chain reaction

QTL

quantitative trait locus

RFLP

restriction fragment length polymorphism

RIL

recombinant inbred line

SNP

single nucleotide polymorphism

SS

sum of square

SSD

single seed decent

SSR

single sequence repeat

TE

Tris-EDTA

TEMED

Tetramethylethylenediamine

V3

third trifoliate stage

x
LIST OF FIGURES
Figure 1- 1- World Soybean Exports 2017 (www. http://soystats.com)............................. 2
Figure 1- 2 Recent trends in soybean production (from www. http://soystats.com/) ......... 7

Figure 2- 1 Plant morphologies for IDC scores 1 (most resistant) to 5 (most susceptible).
................................................................................................................................... 27
Figure 2- 2 Frequency distributions of the IDC score in the RIL population. .................. 27
Figure 2- 3 Box plots for Iron deficiency chlorosis scores evaluated in years 2012, and
2013. Ev1, Ev2 and Ev3 indicate three time points evaluated in each of the three
years. ......................................................................................................................... 28
Figure 2- 4 Likelihood ratio distributions of IDC scores evaluated for the RIL population
in 2012 to 2014 ......................................................................................................... 32
Figure 2- 5 QTL interaction networks. Circle stand for QTL and the arrow represent
epistasis interaction ................................................................................................... 37
Figure 2- 6 Three types of epistatic between iron efficiency QTL. .................................. 38
Figure 2- 7 Graphic representation of iron deficiency QTL G-by-E interaction. ............. 40
Figure 2- 8 Refinement of “Fe effic-1” region into “QTL-hotspot an” and “QTL-hotspot
b” and identification of candidate genes ................................................................... 41

Figure 3- 1 Soybean cultivars response to IDC in calcareous high pH soil. .................... 52
Figure 3- 2 Boxplot showing the variability of the IDC response of soybean cultivars
across the three evaluations in 2014. ........................................................................ 53

xi
Figure 3- 3 Phenotypic variation of soybean leaves under field conditions evaluated in
2015........................................................................................................................... 54
Figure 3- 4 Genotypic differences in plant height under IDC stress conditions. .............. 55
Figure 3- 5 Differences of soybean cultivars in effects of the IDC level on pods/plant (A),
seeds/pod (B), and 100 seed weight (C). .................................................................. 57
Figure 3- 6 Differences of RILs in an effect of the IDC level on seed yield. ................... 58

Supplement Figure 4. 1 Graph representation of likelihood ratio distribution for Fe effic-1
over linkage group A1/5 ........................................................................................... 81
Supplement Figure 4. 2 Graph representation of likelihood ratio distribution for Fe effic-2
over linkage group A2/8 ........................................................................................... 82
Supplement Figure 4. 3 Graph representation of likelihood ratio distribution for Fe effic-3
over linkage group H/12 ........................................................................................... 83
Supplement Figure 4. 4 Graph representation of likelihood ratio distribution for Fe effic-4
over linkage group F/13 ............................................................................................ 84
Supplement Figure 4. 5 Graph representation of likelihood ratio distribution for Fe effic-5
over linkage group B2/14.......................................................................................... 85
Supplement Figure 4. 6 Graph representation of likelihood ratio distribution for Fe effic-6
over linkage group B2/14.......................................................................................... 86
Supplement Figure 4. 7 Graph representation of likelihood ratio distribution for Fe effic-7
over linkage group E/15 ............................................................................................ 87
Supplement Figure 4. 8 Graph representation of likelihood ratio distribution for Fe effic-8
over linkage group E/15 ............................................................................................ 88

xii
Supplement Figure 4. 9 Graph representation of likelihood ratio distribution for Fe effic-9
over linkage group D2/17 ......................................................................................... 89
Supplement Figure 4. 10 Graph representation of likelihood ratio distribution for Fe effic10 and Fe effic-11 over the linkage group G/18 ....................................................... 90

xiii
LIST OF TABLES

Table 2- 1 Phenotypic correlations of IDC visual score ................................................... 29
Table 2- 2 Variance components and broad sense heritability estimates ......................... 30
Table 2- 3 Summary of parameters for QTL detected in the RIL population in 2014
together with detected QTL using data from previous years 2012 and 2013. .......... 33
Table 2- 4 List of digenic epistasis detected in the RIL population across three years .... 36
Table 2- 5 Summary of QTL G-by-E (year) interactions detected in the RIL population 39

Table 3- 1 Correlation coefficients between phenotypic parameters................................ 55
Table 3- 2 Analysis of variance for seed yield in a collection of soybean cultivars......... 58

Supplement Table 4.1 Segregation distortion detected with cut-off value=0.001 and
linked QTL ................................................................................................................ 77
Supplement Table 4- 2 Candidate gene expression across different soybean plant tissue 79

xiv
ABSTRACT
IRON DEFICIENCY CHLOROSIS IN SOYBEAN: QUANTITATIVE TRAIT LOCUS
VALIDATION AND YIELD EFFECT EVALUATION
AHMED CHARIF
2018
Soybean production in most of the Northern Great Plain area has been
challenged by iron deficiency chlorosis (IDC), which is a physiological problem with a
plant grown in high pH, calcareous soil. Developing IDC-resistant cultivars is the best
approach to meet this challenge. Currently, this approach is limited by lack of
knowledge about genetic resources and mechanisms for resistance to IDC. The
objectives of this research were to validate quantitative trait loci (QTL) associated with
IDC and to evaluate the effect of IDC on yield in soybean cultivars. To validate the
QTL, a population of 201 recombinant inbred lines, which was developed from a cross
between a cultivated (Glycine max) and a wild (G. soja) soybean line, was grown in a
field with calcareous soil (pH 8.5) using a randomized complete block design with four
replicates. Phenotypes of IDC were visually scored for individual lines at three-time
points during the vegetative growth period starting from the V3 stage. Heritability
estimates for IDC scores ranged from 0.26 to 0.71. A linkage map was constructed using
164 SSR markers and covers 2156 cM of the soybean genome a total of 11 QTL for Fe
efficiency were detected, with six detected in more than one time points. One of the 11
QTL has the allele from the wild parent enhancing the resistance to IDC. Seven of the
QTL were involved in digenic epistasis. Two of the QTL were involved in G-by-E
interactions. The epistatic and G-by-E interactions demonstrate the importance of

xv
evaluating IDC responses in multiple environments. The validated QTL may contain
useful genes for breeding IDC-resistant varieties by pyramiding of the Fe-efficiency
alleles.
Furthermore, to evaluate the effect of IDC on yield potential, twenty-three
soybean cultivars were examined. The results showed the further need for improvement
toward better resistance to IDC. The one-year yield test of five cultivars, bearing
different levels of resistance to IDC, confirmed the effect of this stress on yield leading
to a high yield of resistant cultivars under chlorotic soil and lower when grown on the
non-chlorotic soil.
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Chapter 1. Introduction and Literature Review
1.1 Introduction
1.1.1 Soybean production in the world and USA
The population in the world augments at an increasing rate, which imposes a more
efficient and sustainable use of available natural resources. The advance in knowledge
and technologies in food security, fiber, feed, and fuel supply was a positive result from
all efforts of agricultural scientists and farmers (Stuber et al. 1999). Abiotic stress
responses are important for crop plants since they are crucial for their survival, yield, and
quality. The term ‘abiotic stress’ includes numerous stress factors associated with
environmental extremes, e.g. strong light, UV, high or low temperatures, freezing,
drought, salinity, heavy metals and hypoxia (Hirayama and Shinozaki 2010). During their
entire life cycle, crops may expose to multiple abiotic stresses. Nowadays, the study of
abiotic stress response has become more accessible in the post-genomic era, such as a
genome-wide scan for quantitative trait loci (QTL) responsible for major stress factors in
cropping systems. The improvement of crop yield has been possible through the indirect
manipulation of quantitative trait loci (QTLs) that control the heritable variability of the
traits and physiological mechanisms that determine biomass production and its
partitioning (Collins 2008).
Soybean is a major commodity traded in world markets and is currently the
world’s primary oilseed crop (Sonka et al., 2004). Soybean is grown commercially in
more than 35 countries, but most of the production occurs in the USA, Brazil, Argentina,
and China (Fehr, 1989; Wilcox, 2004). Soybean is a major economic crop in North
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America, Europe, and in South America. In the last 50 years, the USA has been the
world’s leading producer of soybean, with around 100 million metric tons of soybean
produced on average during 2010/2017. As of 2017, the USA was still the largest
producer and exporter of whole soybean worldwide (USDA/NASS, 2017). Brazil is the
largest producer of soybean in South America, with 114 million metric tons produced in
2016/2017. In 2017, Brazil contributed 34% of the world’s soybean production
(FAOSTAT, 2017). Increased use of soybean for livestock feed, meal, and vegetable oil
has stimulated an increase in soybean production (Hatje, 1989).

Figure 1- 1- World Soybean Exports 2017 (www. http://soystats.com)

In the USA, soybean was grown primarily as a forage crop until 1941, when the
number of hectares of grain harvested first exceeded the area harvested for forage. Since
then, the area grown as forage has declined, and today, the crop is grown almost
exclusively for its seed. Currently, soybean is grown mainly for its protein and oil
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content. Soybean seed contains about 40% 4 protein and 20% oil (Fehr, 1987), and the
levels of these components are negatively correlated (Diers et al., 1992; Lee et al., 1996;
Chung et al., 2003). Soybean protein is used primarily as a livestock feed but is also
important for many food products and industrial applications. The oil is used for human
consumption as margarine, shortenings, and other fat and oil products, as well as nonfood
applications (Fehr, 1987; Glaudemans et al., 1998). The 176 million Mg of soybean
produced in 2001 was 35% of the world total oilseed production (Wilcox, 2004). The
fatty acid composition of soybean is related to the flavor, stability, and nutritional value
of the oil (Mensik et al., 1994). The predominant fatty acids in soybean are palmitic acid,
stearic acid, oleic acid, linoleic acid, and linolenic acid (Töpfer et al., 1995). Current
soybean cultivars contain 160 to 280 g kg-1 oleic acid (USDA, ARS, National Genetic
Resources Program, 2004). Research priorities to target fatty acid profiles with the
greatest market for expansion have been described. These include soybean oil with high
oleic and low linolenic acid content used for cooking and baking, oil with much higher
oleic acid concentration for use in lubricant manufacturing, hydraulic oil base stocks, and
soy diesel, and soybean oil with an increased amount of long-chain polyunsaturated fatty
acids as dietary supplements (Kinney, 2004; Wilson, 2004). Increasing oleic acid content
of soybean oil would result in a decrease of the total saturated fatty acid content and
reduce the need for hydrogenation, which is used to improve the oxidative stability of the
oil (Hayakawa et al., 2000). Modern soybean cultivars were developed from a narrow
genetic base (Carter et al., 2004). The pedigree analysis determined that 80% of the genes
found in public soybean cultivars released between 1947 and 1988 were derived from 13
ancestral lines (Gizlice et al., 1996). Analysis of soybean cultivars using RFLPs generally
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detects only two alleles at most loci (Keim et al., 1989). In contrast, a group of 20 inbred
lines of maize (Zea mays L.) was found to average 4.5 RFLP alleles for each locus
(Melchinger et al., 1990). Breeding has reduced the genetic diversity among elite
breeding lines and cultivars relative to that among the founding ancestors (Gizlice et al.,
1993). Pedigree analysis has shown that northern germplasm (cultivars from Canada and
the northern USA), originated from a different genetic base than cultivars from the
southern USA (southern germplasm) (Gizlice et al., 1993). The separation of northern
and southern elite germplasm has been shown by RFLP analysis of a selected number of
elite lines (Keim et al., 1992).
1.1.2 Abiotic stress factors in the local soybean cropping system
Among abiotic stresses, micronutrient deficiencies such iron can have devastating
consequences (Jones et al. 2013). Mineral nutrition is an important aspect of plant growth
and development. Although abundant in the earth's crust, iron is present in the soil almost
exclusively in its oxidized form [Fe(III)], which has a very low solubility in water,
affected by both pH and oxygen. Lack of active mechanisms for extracting iron from the
soil, most plants would, therefore, exhibit iron-deficiency symptoms, such as leaf
interveinal chlorosis (Briat and Lobreaux 1997).
The soybean [Glycine max (L.) Merr.], is an economically important leguminous seed
crop and a valuable protein source for both human and animals. Soybean is a multipurpose commodity used for a variety of finished products ranging from a simple
appetizer to the production of ink and plastics. Production of a large enough quantity of
beans to meet the market demand requires a healthy crop. The major production of this
crop is located in the Midwestern United States, which in 2014 cover a planted area of

5
more than 27 million hectares, is often calcareous soils. In such conditions, the high level
of calcium carbonate and pH leads to an incapability of plant to absorb and assimilate
iron (Hansen et al. 2004).
Iron is the most micronutrient for the plant as well as for animals. The deficiency
of this element is observed in both kingdoms. Iron deficiency and iron-deficiency anemia
are health problems worldwide, it affects more than 2 billion people from different
countries regardless of the economic situation and development. The frequencies of this
problem range from 43 % to 85%, appearing in early age as well as in menstruating and
pregnant women (Theil 2004; Camaschella 2015).
The most recommended way to meet the challenge of this issue is to augment iron
intake by increasing iron content especially in the edible part of plants. Toward this goal
unraveling of iron homeostasis in plant starting from sensing, absorbing, transporting,
and utilizing, are important in both the structural as well as physiological level. For
normal growth, the plant requires around 10-4 to 10-8 Fe+3, however, in high pH and
calcareous soil which represent 30% of the globally cultivated land, plants are enabled to
absorb and utilize Fe (Mori 1999). Under such conditions, the plant develops an iron
deficiency chlorosis (IDC). Chaney, 1984 define IDC as yellowing of young leaves with
an interveinal area while veins remain green due to very low redistribution to new growth
and recover after treatment with ferrous sulfate ( F2SO4) of FeEDDHA. IDC is a
significant yield-limiting factor, in the north central region up to 25%, equivalent to the
120-million-dollar loss were reported (Prasad 1998; Hansen et al. 2004). tremendous
effort has been done to study the genetics control and inheritance of IDC. Thus, different
plant breeding programs were set up using many breeding populations and different
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selection methods. it has been found that IDC is a complex trait which depends on the
population specificity and methods used to evaluate the character. Hypothesized to be
either single gene with multiple modifiers or many genes contributing each to the
phenotype (Prohaska and Fehr 1981; Cianzio and Fehr 1982). In soybean, several
chromosomal regions were reported to be associated with IDC (Grant et al. 2009). In
linkage group N, a major QTL was identified contribution to 72% of the total phenotypic
variation supporting the single gene hypothesis (Lin et al. 1997). The model plant
Arabidopsis was successfully used to study iron homeostasis giving an insight into some
gene regulation and transporter (Tarantino et al. 2010; Divol et al. 2013; Kobayashi et al.
2013; Gollhofer et al. 2014; Yang et al. 2014)
Wild soybean germplasm retains valuable rich genetic diversity to be used for
further improve soybean cultivars resistance to environmental stress. Thus, bi-parental
population issued from wild and cultivated soybean can contribute tacked genetic
diversity then help to find new and or confirm QTL associated with IDC.
1.2 Literature Review
1.2.1

Origin and biology of soybean
Cultivated soybean [Glycine max (L.) Merr] (2n=2x=40) a member of the

Fabaceae family is an annual crop. The united states exported 1.58 billion bushels
(43bmillion metric ton) of soybean in 2013, which accounted for 37% of the world’
soybean trade. The same year, the world's leading producer of soybean was the US at
32%, followed by Brazil at 29.6%, Argentina at 17.8% and China at 4.5%. These four
countries produce 8.561 billion bushels (232.989 million metric tons) in total (FAO,
2014).
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Figure 1- 2 Recent trends in soybean production (from www. http://soystats.com/)

Cultivated soybean, Glycine max (L.) Merr. is believed to have originated in
China (Hymowitz and Newell, 1981). Soybean is self-pollinated and is propagated
commercially by seed (Fehr, 1989). The domestication process is believed to have taken
place during the Shang dynasty (1500-110 B.C.) or maybe earlier. Evidence suggests that
the domesticated soybean emerged sometime after that in the eastern half of northern
China during the Zhou dynasty. By the first century AC, it is believed that soybean
reached central and south China as well as the Korean peninsula (Hymowitz, 1970).
Chinese legend says that Emperor Shen Nong, the Father of Agriculture and Medicine,
reported the first use of soybean in a herbal concoction. Between the first century and the
15th century, sea and land trade routes became established, and tribes from China began
migrating. The migration and acceptance of soybean seed as a stable food, promoted the
introduction of soybean to Japan, Korea, Indonesia, the Philippines, Vietnam, Thailand,
Malaysia, Myanmar, Nepal, and northern India, where landraces eventually developed,
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making these regions a secondary gene center (Hymowitz, 1990; Hymowitz and Newell,
1980). Since soybean’s domestication, individual farm families have continuously grown
and selected the crop for specific traits, giving rise to specific landraces that have been
developed in East Asia (Hymowitz, 2004). Samuel Bowen brought soybean from China
to North America in 1765 and asked Henry Yonge, the Surveyor General of the Colony
of Georgia, to plant soybean on Bowen’s farm near Savannah, GA (Hymowitz, 2004).
Another early introduction of soybean to North America was by Benjamin Franklin.
During 1770, he sent seeds to a botanist named John Bartram, who planted them in his
garden, near Philadelphia, PA (Hymowitz and Harlan, 1983). In 1851, soybean reached
Illinois and spread through the “Corn Belt” (Hymowitz, 1987). The genus Glycine is
divided into two subgenera: Glycine and Soja (Moench) F. J. Herm. (Hymowitz and
Newell, 1981). Glycine max (L.) Merr. is a true domesticated in that it would not exist
without human intervention. Cultivated soybean is an annual domesticated crop
(Hymowitz, 2004). Soybean is morphologically variable, as can be seen from the
variation among landraces from East Asia. These landraces are a valuable source of
genetic diversity maintained in germplasm collections. Evolutionary studies and genome
analysis suggest that soybean [G. max subgenus soja] is an ancient tetraploid, which later
became diploidized (Hadley and Hymowitz, 1973). Segmental duplication has been
detected in several regions of soybean chromosomes and is believed to have contributed
to the duplicated nature of the soybean genome. The subgenus soja is believed to have
experienced an additional round of genome duplication and has been referred to as an
“ancient polyploid” (Soltis et al., 1993). Restriction fragment length polymorphism
(RFLP) marker data show that large areas of the soybean genome have undergone
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genome duplication in addition to the previously suggested tetraploidization event
(Shoemaker et al., 1996).
1.2.2

Physiological mechanisms of iron uptake in plant
Iron is the second most abundant metal and the fourth most abundant element in

the earth's crust (Fleischer 1954). Thus, Iron deficiency isn't a problem of iron
abundance, but rather of plant availability. A decrease in chlorophyll production change
the appearance of the plant leaves displaying an interveinal yellowing in newly formed
leaves due to immobility of iron, a phenotype known as Iron Deficiency Chlorosis which
can cause the death of the plant in sever conditions (Bienfait, 1986). Two methods have
been adopted to evaluate the IDC, chlorophyll concentration and visual score which is
subjective but much faster than the chlorophyll content measurement (Cianzio 1978).
For each plant, young leaves are assigned a score ranging from zero (dark green) to five
(bleached yellow appearance to complete necrosis and even death) (Weiss, 1943). A
significant linear relationship between percentage yield reduction and visual chlorosis
scores. For each unit increase in visual score and increase of 90 % average of yield loss is
observed. To survive in iron limiting environments, higher plant absorbs and utilize iron
in at least two different strategies (Marschner et al. 1986). Strategy I is known mostly in
all dicotyledons and nongraminaceous monocotyledons (soybean, peanut sunflower and
tomato). It is characterized by an increase of an ATPase activity to secrete protons from
the roots to acidify the rhizosphere. This process enhances both iron solubility in the soil
and reductase activity by which ferric iron (Fe+3) is reduced to ferrous iron (F+2) then
immediately transported into the root via an iron-related transporter (IRT) (Brown 1978).
Moreover, strategy I plant roots shows additional adaptive measures including root
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morphology changes, root hair and increase production of organic acids, particularly
citrate. These physiological and morphological modifications became more accentuated
under iron deficiency (Hell and Stephan 2003). Strategy II has been found in grasses
species like maize, wheat and rice (Marschner et al. 1986). The main mechanisms are
production and release of iron, solubilizing low-molecular-weight compounds commonly
known as phytosiderophores. These ferric chelators are capable of forming complexes
with soluble Fe+3, and increase its availability for uptake by plants (Prasad 1998). Uptake
of these complexes is ensured by highly specific system which is absent in species with
Strategy I (Marschner et al. 1986). Phytosiderophores are member of mugineic acid
family of chelators which are synthesized in one step by integration of three molecules of
methionine into nicotianamine (NA) via nicotianamine synthase (Hell and Stephan 2003).
Iron is very important for plant growth and development and it is under tight control
within the plant.
1.2.3

Genetic mechanisms for the resistance of soybean to IDC
In a reduced iron availability to plant, breeders and soybean growers has resorted

to the application of exogenous iron (Abadia et al., 2011). In fact, the ultimate way to
meets the challenge of IDC is via identification and exploitation of the resistant cultivars
(Longnecker and Welch, 1990). Several breeding programs were developed for the study
of genomic position of genes underlaying IDC resistance using different populations. In
1943, Weiss concluded that iron use efficiency was controlled by a dominance/recessive
gene model without maternal effects. In a similar result later, Cianzio and Fehr (1980)
confirmed a single major gene mechanism but additionally reported quantitative
inheritance patterns, which indicating that IDC is also controlled by modifying genes.
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Further work by Cianzio and Fehr (1982) confirmed a quantitative inheritance model for
IDC resistance. Using two years of leaf chlorophyll concentrations in addition to the
traditional visual IDC scores, the first quantitative trait loci was mapped simultaneously
in two populations Lin et al.,1997. Following these results, scientist believe in two
separate mechanisms for IDC control, and that is dependent on the population being
studied (Cianzio and Fehr, 1982; Lin et al., 1997).
The availability of molecular markers has facilitated the identification, localization and
genetic analysis of loci that control quantitatively inherited traits, like yield (Tanksley,
1993). In 1923, Sax reported the first exploitation of molecular marker to scan for QTL
(Sax 1923). This technique is based on the fact that the QTL can be located near a marker
if phenotypic values for the trait are significantly different among the marker genotypes.
In the QTL analysis different methods have been developed. First, Single marker analysis
which does not require gene order or linkage map. However, the putative QTL genotypic
means and QTL positions can be confounded, and the QTL position cannot be precisely
determined. Second method is an interval mapping approach to locating QTL. This
approach is based on the joint frequencies of a pair of adjacent markers and a putative
QTL flanked by the two markers (Lander and Botstein, 1986). Simple interval mapping
requires a complete genetic map. This technique also has some problems. The statistical
power is still relatively low. And the QTL cannot be well resolved. The third method
which is Composite interval mapping (CIM) was developed to overcome all the
previously stated problems in precedent methods. CIM is a combination of simple
interval mapping and multiple linear regressions (Zeng, 1994). Different information can
be obtained from this method, such as estimation of QTL position, measure of statistical
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significance, percent variance explained (%R2), source of desirable alleles (Parent A or
Parent B).
In the process of QTL analysis, due to heterogeneous soil factors and presence of
genotype x environment (GxE) interactions, it is difficult to distinguish genotypic sources
of variation from the environmental components responsible for chlorosis (Froechlich
and Fehr, 1981).
1.2.4

Genetic improvement in soybean
Soybean yield increased rapidly during the period of 1920s to 1940s, however at a

slower rate since the 1960s. yields continue to climb upward arising from, the continual
release of ever-higher yielding cultivars that are quickly adopted by producers, improved
weed, insect, and disease control and improved management practices by growers.
(Boerma et al. 2004). In North America, genetic improvement of soybean cultivars may
have been limited by genetic bottlenecks during its development due to environmental
events and human activities. The implementation of molecular markers closely associated
with desirable traits is being exploited to improve the efficiency and effectiveness of
conventional breeding by indirect selection of the desirable plants in segregating
population. In soybean, different DNA marker systems such as Restriction Fragment
Length Polymorphism (RFLP), Randomly Amplified Polymorphic DNAs (RAPD), DNA
Amplification Fingerprinting Markers (DAF), Simple Sequence Repeats (SSR),
Amplified Fragment Length Polymorphism (AFLP) and Single Nucleotide
Polymorphism (SNP) have been developed and applied (Sudari et al. 2008).
Crossing between individual of same, or closely related species leads to a transfer of gene
from one to another variety in the process of production of plants with suitable agronomic
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trait. This traditional breeding technique is limited with the narrow gene pool size. Thus,
the use recombinant DNA technologies comes to improve this practice. Movement of one
or multiple genes across species to creates new traits or eliminate undesirable trait
(Konstantinov et al., 2002). The processes involved in developing genetically modified
plants include, identification and isolation of the desired gene, gene cloning, development
of transgenes, gene transfer and introduction into breeding processes. Transgenic plants
are regulated with different level of legislation for cultivation and commercialization.
This control is usually influenced by science, business and national interest.
1.3 Objectives of the thesis project and organization of the thesis
Unraveling the genetic variability of soybean germplasm and local cultivars in the
resistance or susceptibility to IDC is of great interest to farmers, breeders, and
agronomists in the Northern Plain Areas. This is because the knowledge is very important
for breeders to select breeding materials for hybridization, for farmers to select
commercial varieties for soybean production, and for an agronomist to design appropriate
practices for specific cultivars. The objectives of the theses project were: 1) To validate
quantitative trait loci (QTL) associated with iron deficiency chlorosis (IDC) previously
detected in a population of recombinant inbred lines developed from a cross between a
cultivated and a wild line of soybean; and, 2) To evaluate genotypic variation in the
susceptibility of commercial soybean varieties to IDC and its effect on yield potential.
This thesis contains chapters. The first chapter contains the introduction, and
literature review presenting current and previous research in iron deficiency chlorosis.
The second chapter entitled “Validation of QTL associated with Iron Deficiency
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Chlorosis in soybean”, where we reevaluate the RILs one more year to validate
previously found QTL, analysis of combined data, cultivars screening haplotype analysis
for IDC, and Backcross of the wild allele to surge background and gene prioritizing in the
wild allele. In Chapter 3, we evaluate soybean local cultivars with different level of
resistance to this Abiotic Stress. Chapter 4 contains discussion and overall conclusions
derived from this research in addition to my recommendations for further research.
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Chapter 2. Validation of QTL Associated with Iron Deficiency Chlorosis in Soybean
2.1 Introduction
Iron deficiency chlorosis (IDC) leads to severe leaf chlorosis, low photosynthetic
rates, and yield reductions of several million metric tons each year (Vasconcelos and
Grusak 2013). Development of soybean IDC phenotype is under environment factors like
rainfall patterns, temperature, soil heterogeneity, and water content in the soil, thus the
degree of severity of symptoms vary from year to year (Naeve and Rehm 2006).
Different studies reported the effect of soil quality components on soybean IDC
expression especially pH, electrical conductivity, calcium carbonate, and soluble iron
concentration. Indeed they these experiments suggest that IDC was due to low iron
availability influenced by the presence of bicarbonate and high pH (Inskeep and Bloom
1984; Loeppert et al. 1984; Mori 1999). IDC is a complex trait controlled by many genes
whose effect are strongly affected by environmental conditions. QTL analysis has been
used to identify chromosomal segments associated with IDC. QTL for IDC was reported
first by Diers et al. 1992, then by several research groups (Lin et al. 1997; Lin et al.
2000b).
These QTL were spread on 10 chromosomes of soybean. However, except the
major QTL in chromosome N, a vast majority of the reported QTL are putative because
they have not been confirmed with a different population and /or under different
environmental conditions. There is also little information on how the reported QTL
interact with each other (epistasis) to affect their expression. Therefore, it is necessary to
conduct QTL analysis for the IDC trait in new germplasm under the local environmental
conditions, in addition, mapping and characterization of IDC QTL in soybean could be
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more. Furthermore, introduce alleles from wild soybean to locally cultivated soybean
surge.
Molecular markers serve for deep selection of DNA signposts which allows the
identification of differences in the nucleotide sequences of the DNA in different
individuals or any genetic elements (locus, allele, DNA sequence or chromosome feature)
which can be readily detected by phenotype, cytological or molecular techniques, and
used to follow a chromosome or chromosomal segment during genetics analysis. The
progress in molecular biology techniques leads to the development of diverse marker
types that can be used to map the soybean genome, including restriction fragment length
polymorphism (RFLP), amplified fragment length polymorphism (AFLP), single
nucleotide polymorphism (SNP), simple sequence repeats (SSR). SSR marker is
codominant and relatively easy to use to detect using regular PCR technique and
electrophoresis gel (Mohan et al. 1997). In soybean, SSR has high frequency and
relatively even distribution (Song et al. 2010). The indirect selection represents a major
aspect of exploitation of this molecular marker in plant breeding. Indeed, with a high
level of correlation and/or linkage between the trait of agronomic importance and the
nearest molecular marker selected had facilitated successful application marker-assisted
selection.
Epistasis or interactions between genes are fundamentally important to
understanding the structure and function of genetic pathways and the evolutionary
dynamics of complex genetic systems (Phillips 2008). Epistasis was first introduced by
William Bateson from his observation in the study of heredity of color, in some dihybrid
crosses, some phenotypic classes were absent and some genotype variant leads to new
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phenotypes. The color production is similar in both animal and plants, and it is under the
control of additional factors. one factor is lowest or hypostatic and other epistatic which
is stopping or augmenting comparing to the effect of the other one (Bateson et al. 1909).
In modern quantitative genetics, epistasis is treated as a departure from additivity in the
penetrance for two or more loci, in the same way, that dominance is a departure from
additivity in the penetrance at one locus (An et al. 2009). QTL epistasis is often estimated
by genotype of the markers nearest the QTLs of interest and the gross effect could be
partitioned into their components. Challenges with different type come in epistatic
analysis especially for the interaction higher than 2 orders, including mapping population
size, map resolution for the QTL region and accuracy of phenotypic assessments in the
technical side. Indeed, a large sample size is required to detect shape significant genetic
interactions, and with multiple hypothesis testing serve penalty is incurred. the power to
detect epistasis varies with the size of the population and the precision with which the
analyzed phenotypes are measured. Furthermore, the highest number of evaluation to be
performed constitute a computational challenge (Carlborg and Haley 2004; MacKay
2014).
There are genetic differences in IDC tolerance among cultivars. When grown on
calcareous soils, cultivars resistant to IDC exhibit little foliar chlorosis, whereas
susceptible cultivars express severe leaf yellowing or plant death. Even a small amount of
yellowing in the soybean leaves can reduce the final yield with a decrease of 20% for
each one unit of increase in IDC score (1=best, 5=worst) (Helms et al. 2010; Vasconcelos
and Grusak 2013).
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The indirect selection represents a major aspect of exploitation of this molecular
marker in plant breeding. Indeed, with a high level of correlation and/or linkage between
the trait of agronomic importance and the nearest molecular marker selected had
facilitated successful application marker-assisted selection. The first effort to unravel the
pattern of inheritance for genetic resistance to iron-deficiency chlorosis in soybean back
to Weiss (1943).
In a prior study, genetic variability for IDC was performed in a RIL population
under the calcareous soil, then QTL analysis was performed for two years 2012 and 2013
(Sara, thesis). It’s important to further evaluate this population in another year to confirm
previously detected QTL and know how these genes interact with each other to regulate
the phenotypic variation of IDC. Thus, QTL analysis was conducted for the third year
using the same RIL population grown in same field plot. The objectives of this research
were: 1) to confirm QTL associated with IDC, 2) to estimate mapped QTL for epistasis 3)
evaluate the soybean cultivar for response to IDC under field conditions, 4) identification
of candidate gene and marker-assisted selection for the allele from wild soybean.
2.2 Materials and methods
2.2.1 Plant materials and mapping population
The mapping population for QTL identification in this experiment was a biparental population issued from an interspecific cross between soybean cultivar Surge
(Scott and Orf 1998) and wild soybean PI423.994 (Glycine Soja), both from maturity
group 0. Surge soybean [G max (L.) Merr.] Is high yielding cultivars was released by
South Dakota and Minnesota Agricultural experimental station. In 1979. It is an
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indeterminate cultivar, characterized by purple flowers, gray pubescence, and brown pods
at maturity. PI423.994 was first introduced to the US in 1978, originally from the Soviet
Union. The plant is recognized by purple flowers, tawny pubescence, brown pod color,
dull seed coat luster. The cross was performed in 2006 in order to develop recombinant
inbred line (RILs). The F1 was selfed to generate hybrid F2 which was advanced to F11
with 201 lines by single-seed-descent (SSD) technique.
2.2.3 Phenotypic evaluation of IDC
Evaluation of IDC phenotypic variation was conducted under field conditions in
SDSU research Farm in Brookings SD. Comparing the soil used for the experiment and
the control, soil test showed a high level of both pH and calcium carbonate content
besides a low level of iron (Adjei-Fremah 2014) (Table 4.3).
The 201 RILs ( F11 population) were planted in late May of each year. In 2014,
the RILs plants were grown together with twenty-six soybean cultivar locally used in
commercial production including the two parents Surge and wild soybeans.
The 201 RILs were planted in a randomized completely Block design (RCBD)
with four replicates. Around 30 seeds from each line were sown per block in a 60-cm row
spaced with 30 cm between rows and 60 cm between plots, served as a walkway. For
each line in a row, after emergence, five homogenous healthy seedlings were kept for the
analysis. All remaining were removed. The emergent weed was manually removed every
two weeks.
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To measure the strength of a potential linear relationship between the observed
IDC phenotype in each evaluation across years, Pearson correlation coefficient was
calculated using R software.
2.2 4 Estimation of component genetic variance and heritability
Across years, two-way ANOVA was used to analyze the multi-year data from the
recombinant inbred line population. The phenotypic variance in the analysis was
partitioned using simplified linear models:
𝑦𝑖𝑗 = µ + 𝛼𝑖 + 𝛽𝑗 + 𝜀𝑖𝑗

Equation 2.1

Where, 𝑦𝑖𝑗 is the IDC score of line i (i to N, the population size) in year j (j=1 to M for
2012 to 2014), µ is the model mean, 𝛼𝑖 and 𝛽𝑗 are the genotype and year effect
respectively, 𝜀𝑖𝑗 is the residual effect including genotype-by- years interaction and
random error. IDC data across three years were also analyzed by linear mixed effect
model and variance components of were estimated using a Linear Mixed-Effects Models
using 'Eigen' and S4 (lme4) package (v.1.1.12) in R.
2.2.4 Marker genotyping and linkage map construction
Genomic DNA was extracted from fresh leaves of the parental and F11 seedling
using a modified Cetyltrimethyl Ammonium Bromide (CTAB) method (Doyle and Doyle
1987) (Appendix A). The isolated DNA pellet was suspended in 300 ml of autoclaved
ddH2O and quantified using NanoDrop 1000. The stock solution was obtained by
dilution to 50 ng/µl using ddH2O. The publicly available list of Simple Single Repeats
(SSR) marker (http://www.soybase.org) was used to synthesize the primers by Integrated
DNA Technologies Incorporation. All primers were dissolved in ddH2O as a stock
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solution at 100 mM and kept in -20 C, working solution was obtained by dilution to 20
mM for Polymerase chain reaction (PCR). PCR was performed in a volume of 20µl of
sterile ddH2O containing 200µM of dNTP (deoxyribonucleotide triphosphates), 1.5M
MgCl2, 50 ng of genomic DNA and 20µM for each primer (forward and reverse),
5×Green Go Taq® reaction buffer, and unit of Taq polymerase. The reaction was carried
out for a 5-minute initialization period at 95C followed by 40 cycles of denaturation at
95C, annealing at 50 to 55C (depending on the primer), and extension at 68C for a 1minute interval and final extension at 68C for 10 minutes. The PCR product was kept at
4 C until gel electrophoresis. The amplified DNA fragment by PCR was separated on
6% non-denatured acrylamide gel for 2-3 hours at 300 volts and stained with ethidium
bromide for visualization under UV light. Gel images were taken, and DNA bands were
scored using Alpha Innotek software. The two parents were screened with 302 SSR
primers and end up to 180 SSR showing polymorphism which was used to genotype all
the 201 RILs together with the two parents. According to the migration on the gel, the
score was assigned to the two parents as follow Surge (P1): 1 and PI423.994 (P2): 3.
Marker genotypes were checked for distortion from the Mendelian ratio (1:1) by chisquare test.
A linkage map was constructed using Map Maker software (Lander et al. 1987),
which was used to scan the whole soybean genome for putative QTL. Map distances
were converted using Kosambi’s function.
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2.2.6 Data analysis and QTL mapping
This work consists of a third-year evaluation of IDC under field conditions. The
previously reported results from the year 2012 and 2013 (Sara) gathered with results
obtained in 2014 for comparison and validation purpose.
Identification of QTL was conducted using the composite interval mapping
method (CIM). The general CIM statistical model can be written as:
𝛾𝑖 = 𝜇 + 𝑍𝑖 𝐵 + ∑𝑚
𝑟=1 𝑋𝑖𝑟 𝛽𝑟 + 𝑒𝑖

Equation 2.2

where, 𝛾𝑖 is the phenotypic trait value of subject i, 𝜇 is the overall mean of the model, B
is a column vector for the effects of a putative QTL, which depends on the mating design,
Zi is a row vector of predictor variables corresponding to the effects of the putative QTL,
𝑋𝑖𝑟 is a row vector of predictor variables corresponding to the rth cofactor marker, 𝛽𝑟 is a
column vector with the coefficient of the rth cofactor marker; and 𝑒𝑖 is the random error
that is assumed to follow a normal distribution with mean zero and variance σ2. The CIM
procedure uses a genome-wide threshold to determine the statistical significance of the
effects of putative QTL. In this experiment, the threshold was estimated by 1000
permutations. The genome-wide threshold controls the number of false positives, which
is known as Type I error. While using a lower threshold could produce more false
positives, using a higher threshold could potentially miss more QTL. Genome wide scan
for QTL was conducted with CIM implemented in Windows QTL cartographer V2.5_005
software (Wang et al. 2012). The input consists of genotypic and phenotypic data for 201
RILs evaluated across the three years. Likelihood ratio (LR) distribution was generated
for individual evaluation across years to infer QTL positions and estimate QTL additive
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effect (a) and contribution to the phenotypic variance. The determination of QTL was
based on the LR value peak above the QTL threshold at a genome-wide scan type I error
of 5% with a walk speed of 1cM. Furthermore, all QTL identified by CIM method, were
test by single marker analysis (SMA) which conducted by one-way ANOVA with the
marker nearest to the QTL using R software (The R Core Team 2013).
Analysis of phenotypic data from RILs was performed by application of the
following statistical model:
𝑦𝑖 = µ + 𝘨𝑖 + 𝜀𝑖

Equation 2.3

where, 𝑦𝑖 is the mean phenotypic value of kth line (k=0 to N, the population size), µ is the
model mean (background effect), 𝘨𝑖 is the main genetic effect of the ith marker, 𝜀𝑖 is the
residual effect that includes random error and the effect unexplained by the genetic effect.
2.2.7 Epistasis analysis
Epistasis refers to interactions between/among QTL, which is supposed to play an
important role in the genetic determination of complex traits as well as in the evolution
process. Epistatic information is important to infer gene networks regulating the
development of a qualitative or quantitative trait. For qualitative traits, epistatic
interactions are detected and classified based on a number of phenotypes and phenotypic
ratios in a primary segregating population. For quantitative traits, epistasis represents a
category of genetic component effects, besides main (i.e., additive and dominance)
effects, and is detected by statistical analysis. A simple marker based univariate approach
which consists in the calculation of a series of one-factorial ANOVAs comparing the
mean IDC phenotype of RILs with genotype data at each QTL nearest marker position.
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Digenic epistatic analysis of QTLs was performed in R software by application of
the statistical model:
𝑦𝑖𝑗𝑘 = µ + 𝛼𝑖 + 𝛽𝑗 + (𝛼𝛽)𝑖𝑗 + 𝜀𝑖𝑗𝑘

Equation 2.4

where, 𝑦𝑖𝑗𝑘 is the mean phenotypic value of the kth line (k=0 N, the population size) of
the digenic phenotype of QTL i and j (QTL genotypes =1 for the cultivar Surge (G. max),
and 2 for the wild like (G. soja), µ is the model mean, 𝛼𝑖 and 𝛽𝑗 are the main genetic
effects of loci i and j respectively, (𝛼𝛽)𝑖𝑗 is the interaction effects between the ith and jth
QTL, and 𝜀𝑖𝑗𝑘 is the residual effects from random error and possible effects that cannot
be explained by the main and interaction effects. The two-way ANOVA included
multiple tests. Thus, the probability level for a significant was adjusted by HolmBonferroni correction (Holm 1979. The contribution of an epistatic effect the phenotypic
variance was estimated as the proportion of the component sum of square (SS) to the total
(SS).
2.2.9 QTL genotype-by-environment analysis
Differential genotypic expression across environments commonly known as
Genotype × environment interactions (G×E) are essential because they provide
information about the effect of different environments on cultivar performance and have
a key role for assessment of performance stability of the breeding materials (Motamedi et
al. 2012). In the process of new crop varieties, Plant breeders give much intention to G ×
E interactions and their consequences in order to maximize plant performance. This work
consists of the third year of evaluation of the recombinant inbred line for IDC under field
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conditions. The data collected together in 2012, 2013 and 2014 were used to estimate the
effects of QTL-by-year interaction using the linear model:
𝑦𝑖𝑗𝑘 = µ + 𝑔𝑖 + 𝑒𝑗 + (𝑔𝑒)𝑖𝑗 + 𝜀𝑖𝑗𝑘

Equation 2.5

Where, 𝑦𝑖𝑗𝑘 is the mean phenotypic value of the kth line (k=0 N, the population size), µ is
the model mean, 𝑔𝑖 is the main effect of the ith QTL represented by its nearest
molecular marker (QTL genotypes =1 for the cultivar Surge (G. max), and 2 for the wild
like (G. soja), and 𝑒𝑗 are the main genetic of the environment (year), (𝑔𝑒)𝑖𝑗 is the
interaction effects between the ith QTL and jth year and 𝜀𝑖𝑗𝑘 is the error term underlying
random error and residual effect unexplained by the other terms in the model. The
contribution rate of a G×E interaction to the phenotypic variance was estimated as the
proportion of the component sum of square (SS) to the total (SS).
2.2.8 Marker-assisted backcross
Crop improvement requires diverse plant genetic resources. These resources may
extend from commercial cultivars to wild or exotic species. A narrow genetics base could
result in crop being highly vulnerable to stresses. Therefore, it is important that attempts
to be made to expand the genetic diversity by utilizing a new and unrelated source of
germplasm. Nine lines carrying essentially the wild-type QTL Fe effic-1 from wild
soybean were selected as male parents and crossed with emasculated ‘Surge” cultivar
plants. The crosses were made in the summer season in a field of SDSU experiment
station in Brookings. The resulting BC1F1 generation was self-pollinated at the winter
nursery in the greenhouse. DNA was extracted from all 34 plants to test for the true
hybrid. Then the BC1F2 generation was grown in field plots and scores to test for
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potential segregation of IDC phenotype. Forty-four plant was genotyped and harvested
based on their wild-type genotype in Fe effic-1 locus.
2.2 9 Prediction of candidate genes in the QTL Fe effic-1-containing region
Quantitative trait locus (QTL) analysis is an integral part of molecular plant
breeding and is used to the elucidation of genotype-to-phenotype relationships in
structured populations and inform marker-assisted breeding efforts. However, QTL
regions contain typically tens to hundreds of genes.
Fe belongs to the group of transition metals, which can give rise to cations with an
incomplete d subshell of electrons. In the plant, Fe is used as a cofactor to accomplish the
diverse metabolic process. Four type of Fe cofactors, heme, siroheme, Fe-S clusters and
Strings of Fe-S clusters channel electrons across protein complexes, such as in
photosystem I and respiratory complex I (Balk and Schaedler 2014). The genes list based
on the Fe effic-1 interval was obtained from (Soybase database using flanking marker
(satt684 and satt572) in chromosome 5. Sequence-based gene ontology analysis was
performed and genes showing the biological process and /or molecular function
associated with iron molecule were selected. Protein sequence was retrieved and used to
look up the Pfam for the identified genes (Finn et al. 2014).
2.3 Results
2.3.1 Phenotypic variation and correlation
Right after the onset of the second trifoliate (V2 stage), visual symptoms of iron
deficiency chlorosis start to appear in the soybean plant. Five individual plants from each
line across the four blocks were scored and the mean were used for all the following
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analysis. The RIL lines varied from completely resistant (1) to extremely susceptible (5)
to IDC under the field conditions (Figure 2-1). The RIL population displayed
approximately normal distributions for the visual scores at each time point in 2014 as
well as previously reported in last two years 2012 and 2013 (Fig 2.2), indicating that the
field stress level was appropriate to distinguish genotypic variation in the resistance to
IDC.

Figure 2- 1 Plant morphologies for IDC scores 1 (most resistant) to 5 (most susceptible).

Figure 2- 2 Frequency distributions of the IDC score in the RIL population.
The scores were evaluated at three different times of vegetative growth of the plant
years.
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A wide range of phenotypic variation was observed in the population in 2012, this
observation was confirmed in 2013 and further in 2014 experiment (Fig 2.3). Indeed,
boxplot for the three evaluations in 2014 as well as in 2013 was relatively shorter than it
was in 2012. In the same years, the second evaluation shows slightly shorter boxplot than
the first and second. The median tends to be lower in second and third evaluation
although in 2013 as increased in Ev2 and diminish again in Ev3.

Figure 2- 3 Box plots for Iron deficiency chlorosis scores evaluated in years 2012, and
2013. Ev1, Ev2 and Ev3 indicate three time points evaluated in each of the three years.
Comparing the phenotypic data in 2014 with the previous years 2012 and 2013,
show high correlation in all three evaluations even though in 2013, Ev1 and Ev2 were
moderately correlated with other evaluations (ex. 0.37-0.52) (Table 2.1). In each year of
IDC evaluation, the response of the RIL line was highly correlated across the three-time
point.
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Table 2- 1 Phenotypic correlations of IDC visual score
Ev1_2012 Ev2_2012 Ev3_2012 Ev1_2013 Ev2_2013 Ev3_2013 Ev1_2014 Ev2_2014 Ev3_2014
Ev1_2012

-

Ev2_2012

0.83***

-

Ev3_2012

0.77***

0.93***

-

Ev1_2013

0.52***

0.53***

0.55***

-

Ev2_2013

0.51***

0.55***

0.55***

0.72***

-

Ev3_2013

0.54***

0.62***

0.67***

0.68***

0.78***

-

Ev1_2014

0.50***

0.53***

0.58***

0.37***

0.35***

0.52***

-

Ev2_2014

0.53***

0.59***

0.64***

0.47***

0.48***

0.64***

0.85***

-

Ev3_2014

0.57***

0.64***

0.68***

0.49***

0.52***

0.70***

0.82***

0.94***

-

Note: ***: p < 0.0001; Ev1: first evaluation in the V3 stage, Ev2, and Ev3: second and third evaluation successively carried out
with 2 weeks of the time interval.

30

2.3.2 Component variances and heritability
A significant genotypic effect on IDC was detected in the RIL population at alltime points across the three years. Heritability estimates for the trait varied from 0.25 to
0.70 in same year evaluation, while across years it rang from 0.66 to 0.83 (Table 2.2).
Table 2- 2 Variance components and broad sense heritability estimates
First evaluation (Ev1)

Second evaluation (Ev2)

Across
2012

2013

2014

Third evaluation (Ev3)

Across
2012

2013

2014

years

Across
2012

2013

2014

years

years

²p

1.43

0.69

0.99

0.64

1.44

0.83

0.96

0.64

1.51

0.80

1.05

0.63

²g

0.91

0.18

0.53

0.28

1.02

0.21

0.51

0.28

1.07

0.27

0.58

0.47

²e

0.52

0.51

0.45

0.35

0.43

0.62

0.45

0.35

0.43

0.54

0.48

0.16

h

0.63

0.25

0.54

0.69

0.70

25.60

0.53

0.66

0.71

0.33

0.54

0.83

Variance component calculated with the lme4 package in R, heritability estimate across
years was calculated using the formula

σ²g/ (σ ²g + σ ²e). σ ²e, σ ²g, and σ ²p: variance

component of the environment, genotype and phenotype respectively, h: broad sense
heritability
2.3.3 QTLs associated with IDC
This third evaluation of the RIL population (the year 2014) revealed 5 QTL
associated with iron efficiency, each one located in a different chromosome. Thus,
increasing the total number of QTL identified across the three years to 11. Nomenclature
for naming putative iron efficiency QTL was based on modified Soybase criteria with the
abbreviation Fe (iron), effect (efficiency) and was numbered according to increasing
linkage group number. The QTL Fe effic-1 from wild soybean as donor parent (Glycine
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soja) detected in the chromosome (E) in the first and second evaluation of 2013 was
confirmed in the second evaluation of 2014. Four new QTL were detected, Fe effic-2 in
chromosome A2 in second evaluation, Fe effic-3 in chromosome H in third evaluation
while the other two Fe effic-7 and Fe effic-8 were both identified in the chromosome (E)
in the first and third evaluation, the Fe effic-8 was also detected in second evaluation (Fig
2-4).
Overall, the QTL detected in all three years’ evaluation were distributed on eight
chromosomes (Figure 2.5). These chromosomes include A1 (Fe effic-1), A2 (Fe effic-2),
H (Fe effic-3), F (Fe effic-4), B2 (Fe effic-5, Fe effic-6), E (Fe effic-7, Fe effic-8), D2 (Fe
effic-9), G (Fe effic-10, F e effic-11). There was two QTL were consistent across two
years, Fe effic-1 across 2013 and 2014; and Fe effic-10 across 2012 and 2013.
The contribution to the iron efficiency of detected QTL range from 5.6 % to 15.5 %.
The locus from wild soybean had a contribution of 14.3% of the phenotypic variance in
2014 and the highest was 11.5% in 2013. While the new detected QTL Fe effic-2, Fe
effic-3, Fe effic-7, and Fe effic-8 showed 6.8 %, 9.7%, 10, and 10.9% of the phenotypic
variances respectively.
One-way ANOVA revealed a strong significance on iron efficiency in soybean plant
as shown with a very small p-value in Table 2.3.

Analysis of segregation distortion of

SSR marker present in the linkage map used in this experiment revealed the association
of the distorted marker with traits of agronomic importance. Moreover, two of detected
QTL Fe effic-3 and Fe effic-7 had also their nearest marker present in the list (Table 4.1).
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Figure 2- 4 Likelihood ratio distributions of IDC scores evaluated for the RIL population in 2012 to 2014
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Table 2- 3 Summary of parameters for QTL detected in the RIL population in 2014
together with detected QTL using data from previous years 2012 and 2013.
QTL
Fe effic-1*

Ch

Marker

LR

R²

a

p-value

Evaluation

A1/5

satt684

14.3

6.8

0.20

0.011

Ev2_2014

15.3

7.0

0.14

0.005

Ev1_2013

21.0

11.5

0.21

0.007

Ev3_2013

Fe effic-2

A2/8

satt333

15.3

6.8

-0.20

0.000

Ev2_2014

Fe effic-3

H/12

satt142

23.8

9.7

-0.28

0.010

Ev3_2014

Fe effic-4

F/13

satt114

31.3

12.7

-0.36

0.000

Ev1_2012

24.6

10.1

-0.34

0.005

Ev2_2012

26.0

10.5

-0.35

0.004

Ev3_2012

Fe effic-5

B2/14

sct_034

17.3

6.5

-0.16

0.003

Ev3_2013

Fe effic-6

B2/14

satt726

14.2

9.8

-0.19

0.050

Ev2_2013

Fe effic-7

E/15

satt411

16.9

10.0

-0.25

0.019

Ev1_2014

18.7

10.9

-0.27

0.011

Ev3_2014

17.4

7.1

-0.22

0.004

Ev1_2014

13.9

5.7

-0.19

0.026

Ev2_2014

16.9

6.4

-0.21

0.018

Ev3_2014

Fe effic-8

E/15

satt045

Fe effic-9

D2/17

satt186

17.2

8.2

-0.16

0.003

Ev1_2013

Fe effic-10

G/18

sat_315

19.9

15.5

-0.43

0.001

Ev3_2012

14.3

5.6

-0.15

0.001

Ev3_2013

24.0

10.7

-0.18

0.031

Ev1_2013

18.0

7.4

-0.17

0.001

Ev3_2013

Fe effic-11

G/18

satt400
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* donor parent (G. soja), QTL, quantitative trait loci; Ch, chromosome; CIM, composite
interval mapping; SMA, single marker analysis; ANOVA, analysis of variance;
Likelihood ratio (LR) at the peak (cM) position, additive effect (a), and proportion of the
phenotypic variance explained by the locus (Ra²) were computed by the CIM program
based on a population of 201. The marker nearest the peak was used to confirm the QTL
by SMA. p_value (P) and R² were estimated by one-way ANOVA.
2.3.4 QTL epistasis
A digenic epistasis in the recombinant inbred line is defined as the difference in
mean IDC score between two genotypes of QTLi (e.g. CCi vs WWi) varies significantly
with the genotype of QTLj (CCj vs WWj). Two-way ANOVA based on the model
described in section (2.2.7) revealed 10 pairs of digenic epistasis which involves nine
QTL, (Table 2.4). The contribution of digenic epistasis to the IDC phenotypic variances
range from 3.27% to 5.53%. some interaction could be detected in multiple evaluations
such as Fe effic-2 and Fe effic-8 identified in the three evaluation of the year 2012. The
ten pairs of digenic epistasis could be grouped in three type based on the pattern of
phenotypic change under different genotypic background (Fig 2.6). Type I genotype
difference of QTLi was not significant when QTLj fixed for one parent-like genotype, and
become significant and great when QTLj fixed for the other parent -like genotype. In type
II genotype difference of QTLI was significant and great when QTLj fixed for cultivatedor wild- like a parent, but was not significant when QTLj fixed for the other genotype. For
the type III, a genotypic difference of QTLi was positive when QTLj fixed for the parentlike genotype and became negative when QTLj fixed for the other parent-like genotype.
Only the Fe effic-5 & Fe effic-7 interact in type III way, while the pairs Fe effic-2 & Fe
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effic-10 showed the type II, all the remaining interaction pairs follow the type I
interaction (Table 2.4). The Fe effic-10 can be considered hub interacting with three
QTL (Fe effic-4, Fe effic-11, Fe effic-2). In another hand, the Fe effic-4 interact with Fe
effic-9 while the Fe effic-2 interact with Fe effic-3 and Fe effic-8. While the Fe effic-5
and Fe effic-7 are in separately interacting with each other (Fig 2.5).
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Table 2- 4 List of digenic epistasis detected in the RIL population across three years
QTL1

QTL2

µAA1 µaa1 µAA2 µaa2 R21

Fe effic-2

Fe effic-8

2.41

2.77

2.50

2.65

Fe effic-4

Fe effic-10

2.30

2.85

2.56

Fe effic-2

Fe effic-8

2.34

2.82

Fe effic-5

Fe effic-7

2.53

Fe effic-2

Fe effic-8

Fe effic-5

R22

R2i

p-value

Evaluation Type

2.95

3.36 5.53

0.0011

Ev1_2012

I

2.67

6.84

0.48 4.55

0.0033

Ev1_2012

I

2.43

2.69

5.23

0.73 5.15

0.0017

Ev2_2012

I

2.66

2.34

2.78

0.34

1.45 4.21

0.0045

Ev2_2012

III

2.27

2.76

2.34

2.64

5.58

1.06 3.75

0.0091

Ev3_2012

I

Fe effic-7

2.57

2.83

2.68

2.75

4.27

0.39 3.27

0.0112

Ev3_2013

I

Fe effic-2

Fe effic-10

2.78

3.05

2.79

3.04

2.72

2.03 4.29

0.0059

Ev1_2014

II

Fe effic-2

Fe effic-3

2.38

2.81

2.51

2.68

7.42

0.79 4.00

0.0060

Ev2_2014

II

Fe effic-10

Fe effic-11

2.48

2.71

2.52

2.66

2.09

0.40 4.07

0.0068

Ev2_2014

I

Fe effic-9

Fe effic-4

2.15

2.38

2.16

2.31

4.48

2.16 4.83

0.0030

Ev1_2013

I

For QTL1, µCC1 and µWW1 IDC mean for cultivated and wild alleles respectively, R21 phenotypic contribution. While for
QTL2, µAA2 and µaa2 IDC mean for cultivated and wild alleles respectively, R22 phenotypic contribution. The p-value for the
interaction between QTL1 and QTL2 were adjusted with the sequential Bonferroni procedure
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Figure 2- 5 QTL interaction networks. Circle stand for QTL and the arrow represent
epistasis interaction
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Figure 2- 6 Three types of epistatic between iron efficiency QTL.
CC and WW represent the homozygote for the cultivated surge and wild soybean
respectively. The solid and open square represents IDC score mean and standard error
represented by a vertical bar.
2.3.5 QTL G-by-E interaction
Investigation of G-by-E interaction was performed in this work as the observed
divergence in IDC phenotype between the two genotypes of a given QTL. The data for
the three evaluations (Ev1, Ev2, and Ev3) during the three years 2012, 2013, and 2014
were analyzed, only two cases of significant G-by-E interactions were detected between
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the Fe effic-4, and F effic-8 both in the first IDC evaluation (Ev1). Basically, these G-byE interactions show the same pattern for (Fig 2.7 and Table 2.5).
Table 2- 5 Summary of QTL G-by-E (year) interactions detected in the RIL population
Surge - like genotype a

Wilde- like genotype

Contribution
Evaluation c

QTL
2012

2013

2014

2012

2013

2014

2.2 ±0.06

2.8±0.09

2.8±0.10

2.3±0.05

3.0±0.08

(79)

(79)

(104)

(104)

(104)

2.4±0.10

2.2±0.05

2.8±0.08

2.8±0.11

2.3±0.05

3.1±0.08

(106)

(106)

(106)

(94)

(94)

(94)

rate (%)

b

2.3
Fe effic-4

±0.11

1.0 (*)

Ev1

0.7 (.)

Ev1

(79)

Fe Effic-8

a:

Genotypic mean ± standard error for IDC score in the sample of N lines given inside

the brackets.
b

: the Calculated proportion of the IDC score variation explained by the G-by-E

interaction. c: Ev1, the first evaluation conducted at the V3 stage of the plants.
Significance codes: (*) 0.05 and (.) 0.1.
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Figure 2- 7 Graphic representation of iron deficiency QTL G-by-E interaction.
CC represents the allele from the cultivated soybean surge and WW stand for wild
soybean allele

2.3.6 Candidate genes prioritizing and introgression of Fe effic-1 QTL in “Surge”
The distance between the wild-type QTL locus flanking SSR marker was 20cM.
this interval contain 163 genes ( Wm82.a2.v1). Predicted annotation of these genes
identified ten genes arranged in 2 hotspots based on their chromosomal position (Figure
2-8). Hotspot a contain five genes (Glyma.05G041200, Glyma.05G042400,
Glyma.05G042500, Glyma.05G042600, Glyma.05G042800) and the hotspot b contain
the other five genes (Glyma.05G051900, Glyma.05G052000, Glyma.05G053300,
Glyma.05G055500, Glyma.05G056000). the Pfam analysis revealed that out of the ten
identified genes, five belong to cytochrome P450 family, one Ferric reductase like
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transmembrane component, one Fe-S metabolism associated domain, one Fatty acid
hydroxylase superfamily member, one Elongation factor Tu domain 2, and one YABBY
protein. Gene expression in soybean RNA-Seq Atlas, show Glyma.05G053300 is
expressed across all tissues with high level in nodules, moderate to low expression of
Glyma.05G041200, Glyma.05G042400, Glyma.05G055500, and Glyma.05G056000.
However, the reaming genes show very low to no expression.

Figure 2- 8 Refinement of “Fe effic-1” region into “QTL-hotspot an” and “QTL-hotspot
b” and identification of candidate genes
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2.4 Discussion
2.4.1 Heritability of IDC
This experiment was based on analysis of a recombinant inbred line population
issued from an interspecific cross between cultivated soybean “Surge” and a vast
diversity wild soybean (Joshi et al. 2013). The population advanced to F11, a level in
which considered almost a pure line (99.6% homozygosity). Then suitable genetic
material to study Iron deficiency chlorosis or any other trait of importance.
It is imprecise to attribute iron deficiency chlorosis only to the resistance level of
a given plant genotype under IDC prone conditions. Thus, plant breeders are in need of
information about the effectiveness of selection and evaluate genetic potential of the new
source of germplasm which can be reached by a study of heritability. The most important
variance components for defining plant adaptation strategy and yield stability targets are
those relating to genotypic and genotype-environment effects. Genotype-environment
effects may concern the GE interaction variance represented by the heterogeneity of
genotypic variance and lack of genetic correlation among environments; and genotype
interactions with location and time factors. This study revealed a heritability estimate for
IDC was ~0.54. Overall, in evaluations of the same year was moderate (0.25 -0.70), and
(0.66-0.83) across the years. Using two population Anoka and Pride, Lin et al. 2000
reported an IDC score heritability estimate of 0.82 and 0.64 respectively. Iron deficiency
chlorosis expression is very complex and is affected by several interacting soil chemical
and physical factors. The differences in response to genotypes may be due to a genotype
x environment interaction with some genotypes responding differently to changes in
temperature or moisture conditions. A significant genotypic effect on IDC was detected
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in the RIL population at all-time points across the three years. Thus, valorizing the
potential effect of mapped QTL. Furthermore, the highly-correlated response of RILs
across different evaluations of the three years under varying climate condition inform
about consistency in IDC symptom development by the plant and the repeatability of the
response to leaf chlorosis under such under calcareous high pH soil.
2.4.2 Iron efficiency QTL
IDC resistance is a quantitative trait controlled by several genes/QTL, with the
high impact of the environment in which plants are assessed (Cianzio and Fehr 1982;
Dasgan et al. 2004). Uncovering of IDC efficiency QTL is influenced by evaluation
techniques and environmental conditions. Consequently, it is important to evaluate IDC
resistance in multiple seasons and environments to improve the repeatability of QTL
detection (Lin et al. 1997). The use of exotic germplasm has not been fully exploited in
conventional soybean breeding programs although its narrow genetic base. due to the
high progress obtained by crossing elite × elite verities to produce superior cultivars (Kim
et al. 2012). Detection and localization of new useful alleles from wild parents have
reported in soybean (Wang et al. 2004; Kim et al. 2012)
In this research, the RIL population issued from an interspecific cross between
Surge and wild soybean was used as a mapping population. A linkage map covering
2155.5cM of soybean chromosomes was used to genome-wide scan for putative QTL
associated with iron efficiency. Several efforts have been done in the way to elucidate the
genetic control of IDC resistance by using linkage map (Diers et al. 1992; Lin et al. 1997;
Lin et al. 2000a; Lin et al. 2000b; Charlson et al. 2005; Severin et al. 2010; King et al.
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2013) as well as by association mapping (Wang et al. 2008; Mamidi et al. 2011; Mamidi
et al. 2014).
In chromosome A1, analysis with linkage map revealed two regions to be linked
to iron efficiency (Lin et al. 1997; Charlson et al. 2005), while using high-density SNP
map six markers were reported (Mamidi et al. 2011; Mamidi et al. 2014). Here we could
identify the first region on the upper side of the chromosome A1 triggered by the wild
soybean plant (Fe effic-1). the importance of this region is further investigated. In
chromosome A2, three markers were significantly associated with iron deficiency
chlorosis satt177, satt409, satt424 (Wang et al. 2008), here we could new SSR marker
linked to IDC resistance (Fe effic-2). In 1997 Lin et al., used intraspecific populations to
detect 2 SSRA markers satt142 and satt400 located in chromosome H and G respectively.
These markers were further confirmed in our research.
The putative QTLs Fe effic-4 and Fe effic-7 mapped in chromosome F, and E
respectively were previously identified by association mapping (Wang et al. 2008).
Analysis of the genetic map of soybean, show that both QTL Fe effic-5 and Fe effic-6
detected in chromosome B2 fall in the outside of the previously reported region (Lin et al.
2000a). The of the position of Fe effic-8 is close to a single SNP reported by Mamidi et
al., 2014. Both Fe effic-9 and Fe effic-10 are specific to this population with no previous
information in relation to IDC efficiency
Consistency was a problem with plant growth stage as well as for the season or
years. Only 2 QTLs were detected 2 years (Fe effic-1 and Fe effic-10), and only 2
detected in the three stage of evaluation in same years Fe effic-4 and Fe effic-8.
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Interestingly enough, most of the detected chromosomal segments were in
correspondence with the previously identified region by either linkage map or association
mapping.
Of importance to this research, was to confirm previously detected QTL in the
year of 2012 and 2013 as well in previously reported work in the literature. Further,
investigate potential putative QTL from the wild soybean toward the sustainable high
performance of local cultivars.
2.4.3 Fe-efficiency QTL epistasis
Gene epistasis interaction in this study focused on tow locus interaction (digenic
epistasis) between two putative QTL significantly associated with iron efficiency in
soybean plant detected at least in one of evaluation across the three years. Earlier
epistasis interaction was adopted to explain the possibility of the dependence of identified
QTL related with IDC (Lin et al. 1997). Epistatic effects in iron deficiency chlorosis were
reported in soybean based on genome-wide association study (Mamidi et al. 2011). In our
knowledge, this is the first study of epistatic effect detected from a linkage analysis of
QTL for IDC resistance in soybean.
Digenic epistasis is the simplest interaction that can occur between genes in a
plant cell, even though its existence and effect in the recombinant inbred line show that
the final phenotypic variance of IDC is the result of the co-organized contribution of the
QTL harboring genes with different other hidden genes in the genetic background.
Molecular fine mapping of the QTL can further reveal the physiology and molecular
pathway control of iron metabolism in the plant. Together, these can give an insight to
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future gene regulatory network analysis of iron homeostasis in soybean. Moreover,
toward the development and improvement of soybean cultivars to iron deficiency
chlorosis, with epistasis information, plant breeders can have important knowledge to
save time and cost during the selection process in any breeding program aiming
pyramiding iron efficiency QTL/gene via marker-assisted selection.
2.4.4 Fe-efficiency QTL G-by-E interactions
Iron deficiency chlorosis varies spatially and temporally. Under IDC prone
conditions, symptoms can vary from severe to nonexistent within a meter due in part to
soil heterogeneity and severity within a single field can vary from year to year. Thus, the
“year” was adopted as the environment. G-by-E interactions have been previously
reported in soybean. Indeed, Lin et al. 1997 showed a significant effect of years, and of
the interaction of genotype by year on the expression of iron deficiency chlorosis by the
analysis of variance. Out of the 11 QTL detected in this research, two of them were
significantly present G-by-E interaction.
Iron deficiency chlorosis is a known yield-limiting factor; G-by-E interactions
were found for visual IDC scores even when in absence of significant effects on yield.
Due to the presence of the complicated epistasis, environment, and G-by-E effects, there
is a huge need to conduct QTL mapping in multiple environments, for validation purpose,
furthermore, variety screening based on IDC scores requires multiple locations to be
predictive (Lin et al. 1997; Naeve and Rehm 2006).
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Climatic factors greatly influence the occurrence of Fe deficiency in plants under
field conditions, the most important being temperature and moisture content (Prasad
1998).
2.4.5 Candidate gene and backcross
Development of genetic resistance to iron-deficiency chlorosis in soybean was
suggested to be the best strategy to tackle this problem. A breeding program to introgress
the identified QTL from the wild soybean in the cultivar surge was initiated. The
population is currently in the BC1F3, which can be used to continue marker-assisted
selection toward the elimination of all unwanted genetic background and test for the
performance of the progeny under calcareous high pH soil.
The importance of this loci incites to further analyze the Fe effic-1. Hence, a
constitutive analysis of the genomic region fluked by the two nearest markers was
performed. Ten genes were prioritized to be a candidate gene to be associated with iron
efficiency in the soybean plant. Among these candidate genes, cytochrome P450 (CYPs)
belong to the superfamily of proteins containing a heme cofactor and, therefore, are
hemoproteins. CYP enzymes have been identified in all domains of life - animals, plants,
fungi, protists, bacteria, archaea, and even in viruses (De Montellano 2005). In animals, it
has been reported the relation between iron deficiency and CYP (Dhur et al. 1989). In
soybean co-expression analysis revealed CYP71D9 and CYP83D1, two members of the
CYP gene family, were highly expressed under iron deficiency compared to plants grown
under sufficient iron(Guttikonda et al. 2010).
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Furthermore, in maize, fine mapping of QTL associated with IDC identified the
presence of cytochrome P450 94A1(Benke 2013). Transcriptome analysis in both
soybean and Arabidopsis revealed differential expression of cytochrome P450 gene
indication their important role in iron homeostasis in the plant(Stein and Waters 2012;
Lauter et al. 2014).
The genes quinoline synthase (Glyma.05G042400), translation elongation factor
EFG/EF2 protein (Glyma.05G055500), and a member of YABBY transcription factor
family (Glyma.05G056000) belong to the iron-sulfur (Fe-S) proteins group. In plants, FeS proteins are particularly important for photosynthesis. In the chloroplast thylakoid
membrane, Fe-S cluster proteins function in photosynthetic electron transport leading to
the production of ATP and NADPH (Raven et al. 1999). Ferric reductase genes were
reported to be induced under iron deficiency chlorosis in both soybean and Arabidopsis
(Saleeba and Guerinot 1995; Lauter et al. 2014). Here, a ferric reduction oxidase
homologous to an Arabidopsis FRO 8 which is speculated to be involved in Fe reduction
in the chloroplasts and mitochondria (Wu et al. 2005). Analysis of gene expression of
GmRPA3-silenced soybean seedling (replication protein), showed differential expression
of the transcription factor C2C2 (Zn) YABBY under iron stress, suggesting an indirect
role of YBBY protein in the control of response of the plant to iron deprivation (Atwood
et al. 2014).
Altogether, this list of ten genes constitutes a potential target gene to be
investigated by molecular techniques to further understand the mechanism of this QTL in
governing iron efficiency in the soybean plant.
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Chapter 3. Evaluation of Soybean Cultivars for Resistance to IDC under Field
Conditions
3.1 Introduction
Iron deficiency in soybean is a yield-limiting factor. Soybean plants under stress
conditions develop a chlorotic phenotype, which is the interveinal yellowness for new
leaves. This phenotype may persist from second to seven trifoliate. Plants tend to recover
and start to turn green again during the late vegetative, flowering and pod-filling stages.
However, IDC during the early vegetative stages can lead to a severe yield penalty or
even death in the most extreme cases. Iron efficient cultivars have been known to
perform well on chlorotic soils; however, when grown on non-chlorotic soils, these iron
efficient cultivars yield less than the iron deficient cultivars (Froechlich and Fehr, 1981).
The importance of this problem has increased due to expanded soybean production on
calcareous and high pH soils and to possible interactions with cropping system changes
(Hansen et al. 2004). The yield is considered as a function of four basic factors known as
‘yield components’, which include seed mass, the number of seeds per pod, the number
of pods per plant, and the number of plants per given area. Identifying which yield
components contribute the most to yield and yield compensation under given stress
condition such as IDC would help understand necessary management to achieve optimal
yields.
In the region of South Dakota, there is a noticeable lack of reliable information
about the performance of local cultivar used for soybean production in the area. This
information could help soybean breeders for germplasm selection in breeding programs
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and help agronomists to design strategies to manage the IDC problem for commonly used
cultivars.
3.2 Material and Methods
3.2.1 Plant materials
To investigate the performance of soybean cultivar locally used for production,
twenty-five soybean line were planted together with the RILs used for QTL mapping in
the summer of 2014, following the same experimental design as previously described.
The cultivars were, RC2020 (Croplan); 92M01, and 91Y74 R2Y (Pioneer); Brookings,
Codington, Davison, Deuel, Roberts, and Surge (SDSU); SD 2091 R2Y, SD 2172 R2Y,
and SD1093 RR (Sodak Genetics); Stine 0480 (Stine); 12-L5, S06-H5, S08-61, S1067,
S10-P9, S14-J7, S17-B3, and S18-C2 (Syngenta); Traill (NDSU), McCall (U of M); A-11 (standard). Based on IDC score classes this evaluation ten soybean lines were selected
for the yield performance test. Thus, five soybean cultivars (A_1_1, RC2020, Surge,
Deuel, and 92M01) and five RILs (RIL_073, RIL_024, RIL_110, RIL_165, RIL_045)
covering the five IDC score classes.
3.2.2 Field experiments and phenotype evaluation
Lines selected were grown in a calcareous soil in the field of Larson farm in
Brookings SD. A control set was grown in normal field condition in SDSU pathology
research farm. The experiment designed under RCBD in narrow row spacing. Three rows
plot were planted; the plot was 5.48 m (18fee) long with 0.76m (2.5feet) row-spacing.
The IDC phenotype was evaluated with visual scoring. Simultaneously, single fully
expanded leaf samples from 10 plants of each replicate were analyzed with SPAD-502.
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On the third trifoliate (V3), plant height measured to the tip of the apical meristem to the
nearest half centimeter and recorded for 10 plants from each replicate. Due to the
susceptibility of the RILs line to herbicide, we had to use a pre-emergent herbicide
Verdict in the recommended rate of 0.037 fl ml/m2. After emergence, a routine removal
of weeds was applied by hand and tiller every 2 weeks. Plants were fertilized with liquid
preparation from Miracle grow fertilizer with the rate of a scoop per gallon of water
applied immediately during the emergence of the first flower.
3.2.3 Yield component analysis and seed yield
Due to the high degree of vining observed in the RILs used in this experiment,
was not possible to separate the plants from the nearest replicate in the field which
represents high contamination that considerably affects the yield result. Thus, only the
five-soybean cultivar was considered for the yield analysis. Ten plants were individually
harvested, from each replicate, by hand clipping primary plant stems at the soil surface
and dried under greenhouse condition. The number of pods, the number of seeds per pod
and 100 seed weight were recorded. Two spots of 1 m2 from each replicated were
harvested. Whole plants were threshed, and the seed was collected and cleaned with
sieves to remove pods, stem debris, and dirt the values of the two spots were averaged.
Data analysis for mean comparison was conducted with R software.
3.3 Results
3.3.1 Local soybean cultivars response to IDC
Besides, the recombinant inbred lines grown 2014 for the QTL validation, twentythree soybean cultivars locally used for commercial production in South Dakota were
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grown for the purpose of first, as a control, and second, to test for their performance
under stress conditions inducing leaf iron deficiency chlorosis. The results display a
differential response in term of IDC score ranging from 1 to 3.2, 1 to 3.1 and 1 to 4 in the
first, second and third evaluation respectively (Fig. 3.1). the comparison of the response
of these cultivars across the three evaluation shows a clear difference of response in time
with an increase of the difference of chlorosis as the plant grow. From boxplot (Fig. 3.2)
we can see clear skewness the high IDC score in the first and third evaluation, while in
second, the skewness was toward lower IDC score value. Moreover, the size of the box
plot increases with time of evaluation.

Figure 3- 1 Soybean cultivars response to IDC in calcareous high pH soil.
Mean IDC score of three evaluations of twenty-three soybean cultivars; the vertical bar
represents standard error across the three evaluations
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The IDC score varies from 1 for most resistant to 4 in the most susceptible
cultivar. Comparatively, the first evaluation starts to show a differential response which
becomes more obvious in the third evaluation. The box plot in the first and third
evaluation was skewed to the high score value while in the second evaluation was skewed
to the lower IDC score.

Figure 3- 2 Boxplot showing the variability of the IDC response of soybean cultivars
across the three evaluations in 2014.
In summer 2015, the IDC score for both cultivars and RIL were similar to the
observed in the previous year 2014 with high IDC score recorded from RIL in
comparison to soybean cultivars. On the other hand, the chlorophyll contains represented
with SPAD value were constantly in inverse correlation with the IDC score for both sets
of plants (cultivars and RILs). As previously seen in IDC score, the SPAD values
recorded from RILs were much lower than the cultivars (Fig 3. 2 and Table 3.1).
Both soybean cultivars and RILs used in this experiment showed relatively
different plant height inside each group and the cultivars tend to be taller than the RILs
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(Fig 3-4). Under stress condition, there is a notable reduction of the plant height in
accordance to the degree of susceptibility to IDC. Indeed, a high correlation was
observed between the plant height reduction and IDC score of cultivars (r=0.68).
Moreover, in RILs the plant height reduction is more accentuated with very high
correlation (r=0.81). Consonantly, negative correlation between SPAD value and plant
height in both cultivars and RILs (Fig 3.3, Table 3.1).

Figure 3- 3 Phenotypic variation of soybean leaves under field conditions evaluated in
2015.
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A and B are IDC score for cultivars and RILs respectively. C and D are SPAD value for
cultivars and RILs respectively
Table 3- 1 Correlation coefficients between phenotypic parameters
IDC score

Chlorophyll content

Plant height

IDC score

-

-0.97

0.68

Chlorophyll content

-0.99

-

-0.67

Plant height

0.81

-0.81

-

Note: Correlation coefficient for cultivars represented in the upper left side of the table
and for RILs in the lower right side.

Figure 3- 4 Genotypic differences in plant height under IDC stress conditions.
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A. Cultivars. B. RILs. Data shown are means (sd) in the stress (filled) and control (open)
environments.
3.3.2 Yield components
The number of pods per plant, the number of seeds per pod and 100 seed weight
varied significantly among genotype (p-value 0.1). Comparing between the genotype
grown in both field, there is a highly significant interaction between soybean lines and
treatment for all these yield components (p-value 0.01). Interestingly, for the resistant
line, the number and number of seeds per pod tend to increase in stressed condition while
significantly diminished in the susceptible lines similar pattern is also observed in 100
seed weight (Figure 3.5).
In another hand, the seed yield of plants harvested in bulk from 2 spots of each
replicate, in both fields shows a significant variation of seed in accordance with the
degree of resistance to IDC. Thus, in resistant lines increase (A-1-1, and RC2020) and
highly decrease in susceptible cultivars (Deuel, Surge and 92M01) (Fig 3.6). Means
comparison shows a highly significant main effect of genotype and treatment as well as a
highly significant interaction effect between soybean genotype and field condition (Table
3.2).
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Figure 3- 5 Differences of soybean cultivars in effects of the IDC level on pods/plant
(A), seeds/pod (B), and 100 seed weight (C).
Filled/open bars stand for stress/control conditions

58

Figure 3- 6 Differences of RILs in an effect of the IDC level on seed yield.
Filled/open bars stand for yield under stress/control conditions.
Table 3- 2 Analysis of variance for seed yield in a collection of soybean cultivars
Source of variation

DF

SS

MS

F value

Probability

A. Line

4

125234

31309

4.7

0.00771

B. Treatment

1

178908

178908

26.8

4.50E-05

A×B

4

435085

108771

16.3

4.31E-06

Error

20

133092

6655

Line: Soybean cultivars, trt, represent the main effect of field conditions, line: trt
represent the interaction between cultivars and field conditions. DF, degree of freedom;
SS, Sum of Square; MS, mean square.
3.3.3 Discussions
IDC is a complex trait governed by multiple loci. The impact of this physiological
perturbation is well known to highly impact the crop yield. In another hand, the yield is
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the most important and complex trait for the genetic improvement of crops. In soybean,
on calcareous soil, iron efficient varieties have been known to yield more than those
cultivars with poor resistance to IDC; while, when grown on non-chlorotic soil, these
verities perform less than the iron deficiency (Froehlich and Fehr 1981). The results of
this one-year evaluation of local cultivars in South Dakota show differential response to
IDC. Based on our results, and as also seen from RILs performance across three-point
time, the plants after the development of chlorosis, tend to recover, things that can
accentuate the differential response observed doing the three evaluations (Ev1, Ev2,
Ev3). Thus, some cultivars are recovered with a different sign of stress, some show
normal development while others show mild to advanced chlorosis. Due to limited
resources, not all evaluated cultivars were used for yield testing, and also with the vining
tendency of RILs line we were unable to harvest them and evaluate the yield. This result
shows the need for further improvement of these cultivars in order to ensure more
resistance chlorotic soils.
Phenotypic parameters recorded in this experiment reflect some of the degrees of
the perturbation that is caused by IDC. The result is a significant effect on all yield
components investigated in this research. Here we were able to further confirm the
previously reported interaction genotype and field condition on the yield of soybean
efficient cultivars. From this result, any successful breeding program to develop IDC
resistance cultivar should have in parallel high attention to the yield performance. This
relation yield IDC can be related to two genetic mechanism linkages and or pleiotropic
effect. Indeed one gene can act in the different pathway leading to different physiological
function., in another hand closely located loci can be inherited together and confer

60
different phenotype. In this direction, for sustainable improvement of soybean cultivars, it
is important to exploit the advance in system biology to elucidate the gene regulatory
network controlling the response to IDC. Furthermore, using a large population to break
any potential linkage that can have a negative impact on the performance of the plant
under different soil conditions.
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Chapter 4 Discussions and Conclusions
4.1 Conclusions
The aim of this thesis project was to validate IDC QTLs previously reported and
evaluate the effect of IDC on the grain yield of local soybean cultivars. The plant material
for this study was a RILs issued from a cross between wild soybean and Surge cultivar
evaluated for three years under field condition in Brookings SD. A quantitative approach
was used to analyze the multiple year’s phenotypic data to estimate heritability,
genotypic, and phenotypic correlations. A population of 201 individuals was used to
develop a linkage map and scan the whole genome for QTLs. Also, QTL epistasis and Gby-E Interactions the IDC trait in soybean is controlled by multiple genes and also
heavily affected by environmental conditions. in A total of 11 putative QTL were
associated with IDC in the RIL population, six were replicated in the same year and two
detected in more than one year. The contribution of individual QTL to the phenotypic
variances range from 5.6 % to 15.5%. The QTL Fe effic-1 detected in different years had
the IDC-resistance allele from the wild soybean line. This observation indicates that the
wild ancestor is one of the gene resources for genetic improvement of IDC in the
breeding. A majority (9/11) of the QTL were interacted with each other to contribute to
the phenotypic variation in at least three patterns. While (2/11) were involved in G-by-E
Interactions. The cultivars show a different response to IDC, the five selected cultivars
with different IDC score show that the IDC resistance yield less in normal condition
while the inverse for the susceptible varieties this by affecting all the investigated yield
component such as number of pods per plant, the number of seeds per pod and 100 seed
weight.
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4.2 Future Directions
In this, we used a visual score and SSR marker genotyping. Each of these methods has
shown its usefulness and strength, however, more advanced techniques could be with an
importance. With the advance in molecular biology, genotype by sequence represents an
important tool for genotyping such population (RILs). Thus, the discovery of single
nucleotide polymorphisms can lead easily to gene discovery. Furthermore, progress in
sensors, aeronautics, and high-performance computing are paving the way toward
development of effective field-based high-throughput phenotyping platforms. Exploitation
of this technique can highly improve the phenotyping task and reduce errors. These
together are suitable to investigate such complex trait IDC and yield especially when acting
together. Lastly, using reverse genetic approach such CRISPR genome editing to confirm
potential candidate genes will both advance fundamental knowledge as well supply
soybean breeders with new tools.
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Appendices
Commonly used solutions
1. CTAB DNA extraction buffer
Dissolve 2g of hexadecyltrimethylammonium bromide, 10 ml of 1M pH 8.0 TrisHCL, 4ml 0.5M pH8.0 EDTA, 8.2g NaCl in 100 ml ddH2O, and autoclave. Ass 200ul βmercaptoethanol right before use.
2. EDTA stock solution
To make 1L 0.5M EDTA Ph8.0 stock solution, dissolve 186.1 g EDTA and 20g
NaOH in 800ml ddH2O. adjust the pH to 8.0 with 1M NaOH sterilize by autoclaving and
store at room temperature.
3. 5× TBE buffer
Dissolve 54g of tris-base, 27.5g of boric acid, and 20l DDH2O
4. TE buffer
dilute 1 ml 1 M pH8.0 Tris-HCL and 2ml 1M pH8.0 EDTA in 1L ddH2O. Sterilize the
solution by autoclaving and store at room temperature.
5. Tris-HCL stock solution
To 1M Tris-HCL stock solution, dissolve 121g Tris-base in 800ml ddH2O, adjust pH to
the desired value by adding concentrated HCL. Adjust the volume to 1 L with ddH2O,
sterilize by autoclaving and store at room temperature.

75
CTAB DNA extraction
DNA sample was extracted using CTAB methods. Fresh leaf tissue was collected in
1.5ml microcentrifuge tube (murray & Thomson, 1980). Liquid nitrogen was used to
frozen tissue samples to help grind into powder. The ground powder was incubated at 65
C water bath in 2CTAB DNA extraction buffer for 30 min with vortex for every 0 min.
add an equal volume of chloroform after water bath incubation and mix well. Spin at 4C
for 10 min at 13,000 rpm, and transfer the upper aqueous layer to a new 1.5 ml
microcentrifuge tube, and add 0.7 volume of isopropanol and vortex well. Leave at room
temperature for 10 min and then centrifuge at 4 C for 10 min at 13,000 rpm. Discard the
supernatant and wash the pellet with 70% ethanol for twice. The pellet is air dried and
dissolved in 0.5X TE buffer (pH8.0). the DNA solution was quantified with a
spectrophotometer.
Polymerase chain reaction (PCR)
PCR reaction was performed in a 20ul volume system following the program proved on.
the 20ul volume PCR reaction include 50ng DNA template, 20uM of each primer,
200uM dNTPs,
Unit of Taq polymerase and 3ul 5XGreen Go Taq reaction buffer
Electrophoresis and gel imaging
PCR product was separated on 6% non-denaturated acrylamide gel (6% acrylamide,
0.1% APS, and 0.01% TEMED mixed in0.5 X TBE buffer solution) with the
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electrophoresis buffer as 0.5XTBE for 2 to 3hours at 300 volts, stained with ethidium
bromid and visualized under UV light.
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Supplement Table 4.1 Segregation distortion detected with cut-off value=0.001 and
linked QTL
Marker

Genotype
CC WW Total

satt434
satt607
sat_158
satt541

122
116
125
125

64
64
72
73

186
180
197
198

2 ( 1:1)

17.91**
15.02**
14.26**
13.59**

satt142

122 71

193

13.48**

satt643
satt411
satt213
sat_043

67
121
121
117

183
192
194
187

13.00**
12.90**
11.82**
11.81**

satt145

122 74

196

11.62**

satt227

120 73

193

11.45**

116
71
73
70

Associated QTL

Reference

Bean pyralid 1-5
Bean pyralid 1-3
Corn earworm 9-3
Seed daidzein 7-4
Seed weight 23-2
Reproductive stage
length 7-3
Seed protein 34-8
Seed genistein 6-1
SCN 39-4
Seed fill 5-1
Pod borer 1-1
Seed isoflavone 6-4
Pod maturity 26-2
Plant height 17-12
Seed protein 21-10
Seed yield 15-8
Seed oil 24-28
Seed yield 22-4
Drought index 1-3
Fe effic-3

[1]
[2]

Stem strength, main 1-5
Fe effic-7
Seed isoflavone 7-8
Seed yield 22-6
Seed yield 22-7
Al tolerance 3-4
Seed palmitic 6-6
Internode length 1-13
Hypocotyl length 2-2
Plant height 27-2
Internode length 1-13
Pod maturity 26-1

[13]

[3]
[4]
[5]
[5]
[6]
[7]
[8]
[5]
[9]
[4]
[5]
[10]
[10]
[10]
[11]
[12]
[12]

[14]
[12]
[12]
[15]
[12]
[16]
[16]
[16]
[16]
[5]
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[1] Cregan et al. 1999A, [2] Song et al. 2004A, [3]Narvel et al. 2001B, [4]GutierrezGonzalez et al. 2009, [5]Li et al. 2008, [6] Lu et al. 2012, [7] Wu et al. 2009, [8] Zhao et al.
2008,

[9] Zhao et al. 2008, [10] Kabelka et al. 2004, [11] Qi et al. 2011, [12] Du et al.

2009, [13] Chen et al. 2011,[14] Yoshikawa et al. 2010, [15] Korir et al. 2011, [16]
Alcivar et al. 2007.
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Supplement Table 4- 2 Candidate gene expression across different soybean plant tissue
pod pod
One
Seed Seed Seed Seed Seed Seed Seed
Young
shell shell
Gene ID
flower cm
10
14
21
25
28
35
42
leaf
10
14
pod
DAF DAF DAF DAF DAF DAF DAF
DAF DAF
Glyma.05G041200
0
12
1
0
1
0
4
4
3
1
0
1

root

nodule

8

0

Glyma.05G042400

53

19

18

8

4

9

13

12

28

17

53

14

101

73

Glyma.05G042500

0

0

0

0

0

0

0

0

0

0

0

0

0

0

Glyma.05G042600

0

4

0

0

1

1

0

0

0

0

0

0

5

2

Glyma.05G042800

0

0

0

0

0

2

1

0

0

1

1

0

0

1

Glyma.05G051900

0

0

0

0

0

0

0

0

0

0

0

0

0

0

Glyma.05G052000

0

0

0

0

0

0

0

0

0

0

0

0

0

0

Glyma.05G053300

154

82

364

434

499

48

112

43

202

101

125

78

153

2165

Glyma.05G055500

438

99

115

167

75

30

40

17

54

44

82

36

41

74

Glyma.05G056000

111

13

0

0

0

3

25

24

31

18

35

17

0

0

Digital gene expression counts of the uniquely mappable reads of candidate gene obtained from Soybase. DAF: Day after
flowering.
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Supplement Table 4- 3 Property of soil in the field for IDC experiment 2015
Sample ID

Larson farm

Pathology Farm

Probability

NO3-N

11.5

9.5

0.3280

Olsen P

9.3

15.7

0.0283

K

86.0

81.3

0.5850

Fe

2.1

29.3

<0.001

Mn

1.4

8.8

0.0003

pH

8.4

7.0

0.0001

salts (mmho/cm)

0.4

0.3

0.0161

CaCO3 (%)

7.0

0.7

0.0039

Henein mean of three replicates for each field
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Supplement Figure 4. 1 Graph representation of likelihood ratio distribution for Fe effic-1 over linkage group A1/5
.

82

Supplement Figure 4. 2 Graph representation of likelihood ratio distribution for Fe effic-2 over linkage group A2/8

83

Supplement Figure 4. 3 Graph representation of likelihood ratio distribution for Fe effic-3 over linkage group H/12
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Supplement Figure 4. 4 Graph representation of likelihood ratio distribution for Fe effic-4 over linkage group F/13

85

Supplement Figure 4. 5 Graph representation of likelihood ratio distribution for Fe effic-5 over linkage group B2/14

86

Supplement Figure 4. 6 Graph representation of likelihood ratio distribution for Fe effic-6 over linkage group B2/14

87

Supplement Figure 4. 7 Graph representation of likelihood ratio distribution for Fe effic-7 over linkage group E/15

88

Supplement Figure 4. 8 Graph representation of likelihood ratio distribution for Fe effic-8 over linkage group E/15

89

Supplement Figure 4. 9 Graph representation of likelihood ratio distribution for Fe effic-9 over linkage group D2/17

90

Supplement Figure 4. 10 Graph representation of likelihood ratio distribution for Fe effic-10 and Fe effic-11 over the linkage
group G/18

